Liquid chromatographic methods in isocratic mode for the analysis of poor quality medicines are privileged due to their simplicity and facility in methods development. They are generally fast; do not need to be re-equilibrated between sample injections; have larger flexibility with acceptable changes on different column dimensions; and are applicable to LC systems equipped with simple or high developed pumps. In this study, we focused on developing simple isocratic methods using classical mobile phase composed by methanol and ammonium formate buffer for the analysis of most common antimalarial medicines marketed in malaria endemic countries and susceptible of being counterfeit/falsified, substandard and degraded. The selected medicines were quinine and related cinchona alkaloids in tablets and injectable forms; artemether/lumefantrine tablets; and artemisinin compounds (arteether, artemether, and artesunate) in injectable forms. The current methods were developed thanks to simple methodological approach consisting in sequential isocratic runs through adjustment or adaptation of existing methods to obtain optimal analytical conditions without complex design of experiments that might be long and costly. Then, the new methods presented shorter analysis time; allowed increase of sample analysis throughput; and obviously consumed little mobile phase solvents on classical analytical columns: 50 -250 mm of length (L), 4.6 mm of internal diameter (I.D.), and 3.5 -5.0 µm of particle size (dp).
Introduction
Malaria is a life-threatening disease caused by Plasmodium parasites transmitted to people through the bites of infected female Anopheles mosquitoes (called malaria vectors). It is usually found in tropical and subtropical climates where the parasites live [1] [2] . According to the latest estimates of the World Health Organization (WHO), released in end of 2016, there were 212 million cases of malaria in 2015 and 429,000 deaths. The WHO African Region is the most affected by that disease and its consequences [1] . Thus far, the prevention of malaria involves among others the use of "insecticide-treated mosquito nets" and "indoor residual spraying" as effective vector control mechanisms, and the use of "antimalarial medicines" in disease treatment or chemoprophylaxis. Concerning medicines, they should always meet their quality specifications in order to give guarantee on their safety and efficacy during their shelf lives. Otherwise, any failure to the required quality standards may lead to serious public health concerns such as failure in disease treatment, development of drug resistance, increase of morbidity and mortality, etc.
Indeed, poor quality medicines constitute a harmful threat to the public health worldwide, particularly in under-resourced countries [3] [4] [5] . Newton et al. [3] distinguished three categories of poor quality medicines: (i) Counterfeit/falsified medicines which are illicit products maliciously produced and distributed; (ii) Substandard also called out-of-specification "OOS" products which are genuine products generally produced in poor manufacturing conditions; and (iii) Degraded medicines which are products improperly stored, and spoiled. Hence, there is need to develop fast, effective, simple and transferable analytical methods to drug quality control laboratories in developing countries, and therefore reinforce their capacity in detecting and fighting against the spread of those harmful products.
In this context, we have developed simple isocratic methods for the analysis of curative antimalarial medicines most used in Rwanda i.e. artemether/lumefantrine, artesunate, and quinine with related other compounds that should be associated with them in case of counterfeiting, substandard, or degradation. This is the case for example of quinine and related cinchona alkaloids such as cinchonine, cinchonidine, quinidine, and dihydroquinine, together with resorcinol most found in quinine resorcin formulations, etc. Moreover, we added arteether to the group of artemisinin derivatives that should be easily interchanged with artemether and artesunate due to their closer chemical structure similarity (see Figure 1 ). DAD was selected as gold standard for chemical separation, quantification and identification of simple and complex samples. This technique is highly used in pharmaceutical analysis, very sensitive and accurate; it gives results in relatively good-time, generally within approximately 10 and 15 minutes for isocratic methods, and within less than 60 minutes for gradient methods; and has a great capacity of automation [5] [6] .
The technique of Liquid
The targeted methods were privileged for their simplicity, shorter analysis time, and higher analysis sample throughput; they were developed thanks to the adjustment (fine-tuning) or adaptation of other existing methods in fewer experimental runs without passing through design of experiments that are information fullness however with high cost and relatively long time consuming.
Then, after optimizing the new methods, they must be validated according to the International Conference on Harmonization "ICH-Q2(R1)" guidelines [7] , and we used the total error strategy based on random and systematic errors corresponding to the precision + trueness, and using accuracy profiles as decision tool on the fitness of the methods for their intended use within given acceptable limits [8] [9] [10] [11] .
Finally, in the frame of reducing the analysis time, we transferred the methods from long to shorter analytical columns in the classical range of 250 mm and 50 mm of length (L) × 4.6 mm of internal diameter (ID), and 5.0 to 3.5 µm of the particle size (dp) before use in routine analysis of different medicines especially when detecting counterfeit formulations. water purification system (Millipore, Billerica, MA, USA), and various samples of quinine tablets (300 mg), quinine for injection (300 mg/mL and 600 mg/mL) as labeled on the primary packaging, artemether/lumefantrine tablets (20 mg/ 120mg and 80 mg/480mg), and artesunate powder for injection (60 mg) were randomly collected from Rwanda, Democratic Republic of Congo, and Benin.
Methods Development Strategy and Validation
Methods in isocratic mode were developed by simple systematic approach, and by adaptation or adjustment of other methods on similar compounds. These methodologies have an advantage of reducing the number of experiments to be carried out without going through complex design of experiments (DoEs). The strategy of simple systematic approach was based on sequential isocratic runs and optimization of the most promising results, while the methods adaptation or adjustment was based on other methods found in literature (scientific publications) on the same analytes, and tested with adequate adaptations or adjustments to have the desired chromatographic conditions using our preferred mobile phase composed by methanol and ammonium formate buffer. 
Instrumental and Software

Preparation of
Sample Solutions for Method Validation and Routine Analysis for Artesunate Powder for Injection a) Sample solutions for method validation
They consisted of three concentration levels for calibration standards (CS), and five concentration levels for validation standards (VS). The required solutions were prepared as described in section 3.2.
b) Sample solutions for routine analysis
The samples of artesunate powder for injection were prepared by dissolving with methanol LC grade approximately 10.0 mg of the sample in 2.0 mL volumetric flasks and completing to volume with the same solvent to obtain around 5000 µg mL −1 final solutions against artesunate reference substance prepared at the same concentration level with the same solvent. Three independent sample solutions were prepared, and two independent reference solutions for system suitability testing and sample analysis.
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Experimentation
Simple Isocratic Methods Development by Adaptation or Adjustment and Sequential Isocratic Runs with Fine-Tuning
Simple isocratic methods for the analysis of (i) quinine and artemisinin derivatives (arteether, artemether, and artesunate), (ii) quinine resorcin and major cinchona alkaloids (cinchonine, cinchonidine, quinidine, and dihydroquinine), and (iii) artemether/lumefantrine in different pharmaceutical forms were developed through sequential isocratic runs with optimization (fine-tuning), and by simple adaptation or adjustment of other methods in order to reduce the analy- 
Development of a Generic Method for the Analysis of Quinine, Arteether, Artemether and Artesunate in Injectable Formulations
The development of a generic isocratic method for the analysis of quinine, arteether, artemether and artesunate was done through a simplified systematic approach based on sequential isocratic runs with optimization (fine-tuning) described in Table 1 , using classical analytical columns and mobile phase composed by methanol and ammonium formate buffer.
The first three experiments helped to know the trend of peak separation of the four analytes either at higher or lower proportion of the organic modifier, and therefore have an idea on which parameter to make changes in the optimization phase. For example, if the best separation of the analytes is at the lower level of methanol (i.e. at Test 1: 25/75% MeOH/Buffer, v/v ), one can plan for two additional tests at 25% ± 10% of methanol (i.e. ID: 4.6 mm; dp: 3.5 or 5 µm) in order to have the desired chromatographic separation within ≤10 minutes of run time generally preferred for isocratic methods.
Development of Isocratic Method for the Analysis of Quinine,
Resorcinol, Dihydroquinine and Major Cinchona Alkaloids The analysis of quinine in different pharmaceutical forms is generally done with other cinchona alkaloids especially dihydroquinine that should not be more than 10% of content, cinchonidine not more than 5%, and any other related substance such as cinchonine, quinidine, etc. at not more than 2.5% calculated by the area percentage method to quinine peak area [17] .
Reference to other existing methods covering almost the same analytes [18] [19], we optimized a rapid isocratic method for the analysis of quinine, resorcinol, cinchonine, cinchonidine, quinidine, and dihydroquinine by adapting these methods to our analytes and changing the earlier mobile phase to methanol and ammonium formate buffer. Resorcinol was added to the list of the studied analytes, as being one of the key ingredients in quinine resorcin injection solutions widely used in different malaria endemic countries.
The method was optimized on a Zorbax SB-C8 (dp 3.5 µm) column, (150 mm × 4.6 mm ID) maintained at 35˚C, applying as mobile phase an isocratic mixture of methanol and 10 mM ammonium formate buffer (adjusted to pH 2.8 with formic acid or 6 N hydrochloric acid) (40:60, v/v) for the analysis of quinine tablets containing generally quinine sulfate, dihydroquinine, and cinchonidine; and (30:70, v/v) for the analysis of quinine resorcin injection containing the six analytes (quinine, resorcinol, dihydroquinine, cinchonine, cinchonidine, and quinidine), at a flow rate of 1 mL min −1 . The sample solutions were thermostated at 15˚C, introduced in the separation system at 10 µL injection volumes, and monitored at 230 nm.
Adjustment of the Method for Analysis of
Artemether/Lumefantrine in Tablet Formulations Our former analytical method for the analysis of artemether/lumefantrine in tablet formulations [16] was readjusted to improve the analysis time (run time), and sample treatment by increasing the capacity of methanol in dissolving lumefantrine. Hence, to improve the analysis time, we slightly increased the proportion of methanol in the mobile phase and the run time reduced; then, to increase the capacity of methanol in dissolving lumefantrine, we slightly increased the acidity power by using methanol acidified with phosphoric acid 0.2% (w/v) instead of 0.1% (w/v) previously used.
The method was adjusted on a Zorbax 80Å Extend-C18, 100 mm × 4.6 mm (ID), (dp: 3.5 µm) chromatographic column at a flow rate of 0. 
Validation of the Method for Analysis of Artesunate Powder for Injection
The generic isocratic method for the analysis of quinine and artemisinin derivatives was validated for specific analysis of artesunate powder for injection. The calibration and validation standard solutions were prepared by dissolving artesunate CRS in methanol in order to have the following solutions.
Calibration standards 
Validation standards
The validation standards (VS) were prepared with artesunate CRS and methanol as solvent. There is no sample matrix as the studied product is a pure raw material without any excipient, and the concentration level is higher due to the weak absorption of the UV light by artesunate.
The VS were prepared to have five different concentration levels, three series per day, during three validation days.
Level 1 (60%): 3000 μg mL To sum up, three independent solutions (n = 3) were prepared per each concentration level (c = 3 for CS, c = 5 for VS), and all these preparations were repeated for three days corresponding to three series (s = 3). The method was validated on a C18, 150 × 4.6 mm, dp: 5 µm column in order to allow covering the widest range of classical HPLC columns' sizes and allowable changes.
Then, for routine analyses, two independent reference solutions for system suitability testing and sample analysis were prepared at 5000 µg mL −1 i.e. Level 3 (100%) against three independent sample solutions per batch was prepared at the same concentration level.
Sampling and Application of the Methods on Real Samples
Seventeen sampling sites mapped in Figure 2 were defined for collecting different antimalarial medicines found on the list of national essential medicines for Rwanda [20] [21] [22] . The targeted sampling points were hospitals and pharmacies in public and private sectors, and tentatively illicit vendors if available, located in strategic cities, suburbs, and Rwanda's borders. 
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Results and Discussions
Adaptation of the Method for the Analysis of Quinine, Resorcinol and Major Cinchona Alkaloids in Different Pharmaceutical Forms
A simple isocratic method for the analysis of quinine, resorcinol, and major cinchona alkaloids in different pharmaceutical forms was optimized thanks to the adaptation of other methods. In fact, from literature search, we identified two interesting references [18] [19] from which we did necessary adaptations with our regular mobile phase composed by methanol and ammonium formate buffer. Hence, we decided to run some experiments around the practical conditions of the two reference methods as summarized in Table 1 ; and we got Figure 3 for the analysis of quinine, dihydroquinine and cinchonidine generally tested in quinine tablet forms [17] ; and for the analysis of quinine, resorcinol, cinchonine, cinchonidine, quinidine, and dihydroquinine in injectable forms, the optimum proportions of mobile phase was found at 70:30, v/v for 10 mM ammonium formate buffer pH 2.8 and methanol, respectively. Figure 4 illustrates the case of simultaneous separation of the six analytes in quinine resorcin solutions.
This method was also geometrically transferred to shorter analytical columns in order to reduce the analysis time and therefore increase the sample analysis throughput as well as reducing the consumption of the mobile phase.
Adjustment of the Method for the Analysis of Artemether/lumefantrine in Tablet Forms
Our earlier developed method in isocratic mode for the analysis of artemether and lumefantrine in tablet forms [16] was adjusted by improving the dissolution capacity of methanol on lumefantrine and therefore allowing to speed up the Isocratic method for the analysis of quinine resorcin and major cinchona alkaloids in injectable solutions. Experimental conditions: Column: Zorbax C8, 150 × 4.6 mm, dp: 5 µm for chromatogram (a), and Zorbax C8, 50 × 4.6 mm, dp Moreover, the amount of lumefantrine is six times the amount of artemether in different medicines, and this is another challenge during sample preparation as there is need of having an effective solvent for both analytes that cannot compromise the chromatographic results.
Hence, from the original method that had a run time of 16 minutes, we
adapted the mobile phase proportions to 85:15, v/v of methanol and ammonium formate buffer pH 2.8 respectively, 0.7 mL min −1 of flow rate, and 25˚C of column oven using a Zorbax-Extend C18, 80Å, 100 × 4.6 mm (dp: 3.5 µm) analytical column. This allowed to reduce the analysis time from 16 min to 6 minutes on a 100 × 4.6 mm column as illustrated in Figure 5 , and to 10 minutes on 150 × 4.6 mm columns with the possibility to reduce the run time by changing the flow rate to 1.0 mL min −1 with the same mobile phase.
Simple Development and Geometric Transfer of an Isocratic Method for the Analysis of Quinine, Arteether, Artemether and Artesunate in Injectable Forms
A simple isocratic method for the analysis of quinine, arteether, artemether and artesunate was developed thanks to a simple systematic approach based on sequential isocratic runs described in Table 1 using octadecyl silane (ODS or C18) LC columns and the same mobile phase composed by methanol and ammonium formate buffer used in the previous methods development and optimization. In fact, we added quinine dihydrochloride to the three artemisinin compounds as another potential antimalarial medicine used in injectable forms to ensure that the method shall detect it in case of analyzing counterfeit medicines composed by one of the three artemisinin active ingredients. Then, by following the planned systematic tests, we found better chromatographic results at higher proportions of the organic modifier, and we optimized the method at 90:10, v/v of methanol and 10 mM ammonium formate buffer pH 2.8; 0.7 mL min −1 to 1.0 mL min −1 of flow rate; 25˚C of the column oven compartment; and 210 nm of wavelength on a Zorbax Extend C18, 150 × 4.6 mm (dp: 5 µm) column; and we transferred the method to XBridge Shield RP18, 100 × 4.6 mm (dp: 3.5 µm), and Zorbax Extend C18, 50 × 4.6 mm (dp: 3.5 µm) columns to reduce the analysis time and mobile phase consumption, as well as allowing the increase of sample analysis throughput.
As illustrated in Figure 6 , one can notice that the method has the ability of separating well the three artemisinin compounds, and that it can allow detecting any counterfeit of mixing them; but also the method was found capable of detecting quinine which is another potential injectable medicine from the three compounds.
Methods Validation
After methods optimization, it is necessary to demonstrate that the new methods Column: Zorbax-Extend C18, 80Å, 100 × 4.6 mm, dp: 3.5 µm (entire and zoomed chromatograms to visualize artemether); Flow: 0.7 mL min Isocratic method for the analysis of quinine, arteether, artemether and artesunate in injectable forms. Experimental conditions: Column: (a) Zorbax Extend C18, 150 × 4.6 mm (dp: 5 µm); (b) XBridge Shield RP18, 100 × 4.6 mm (dp: 3.5 µm); (c) Zorbax Extend C18, 50 × 4.6 mm (dp: 3.5 µm); Flow: 1.0 mL min −1 for column (a), and 0. 
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Conference on Harmonization (ICH) in its document Q2(R1) were considered namely: selectivity, trueness, precision (repeatability and intermediate precision), accuracy, linearity, limit of detection (LOD) / limit of quantitation (LOQ), and dosing range [7] .
At first, we checked the selectivity of the method by checking whether there is no peak interference at the t R of artesunate especially by other artemisinin compounds widely used in pharmaceutical formulations i.e. arteether and artemether, and this criteria was satisfactory as illustrated in Figure 7 since all peaks were well resolved.
At second, we applied the concept of total error strategy represented by accuracy profiles as decision tool on the fit-for-purpose of the method for its intended use [8] [9] [10] [11] . By using the data of CS, the linear regression model was constructed and allowed obtaining the calculated result from VS. Then, an accuracy profile for artesunate was drawn as can be seen in Figure 8 with the Figure 7 . Chromatograms of artesunate with other compounds (a) and artesunate alone in a sample solution (b). Experimental conditions: Column: XBridge Shield RP18, 100 × 4.6 mm (dp: 3.5 µm); Flow: 0.7 mL min results of validation criteria summarized in Table 2 . The acceptance limits were set at ±5.0% according to the European Medicine Agency (EMA) standard for finished pharmaceutical products [23] , and the analytical results from this method comply automatically with the larger specifications of ±10.0% as per the International Pharmacopoeia monograph for artesunate powder for injection [24] . Indeed, we choose the narrower acceptable limits to allow the method being suitable to both regional requirements (European and International Pharmacopoeias), and the end-user regulatory authority shall choose which limit to enforce.
Then after, from the back-calculated results of VS that are the experimental ones, trueness of the method was assessed as it is the closeness of agreement between a conventionally accepted value (or reference value) that corresponds to the introduced concentrations of the analyte and a mean of experimental ones.
We were able to get information on the systematic error that was found quite acceptable with relative biases between −0.1% and 0.3% compared to the two considered acceptable limits.
The method precision was also found acceptable since there was a closeness of agreement among measurements; here, the back-calculated results of VS ob- for repeatability, and 3.2% for intermediate precision.
To demonstrate the method linearity, we assessed the relationship between the back-calculated results of VS (experimental ones) against the introduced concentrations. The linear regression model was fitted on the two types of concentrations, with a good linearity of the results illustrated in Table 2 by the slope close to 1.
Moreover, method accuracy taking into account the total error, i.e. systematic and random errors, was assessed from the accuracy profile shown in Figure 8 . In addition, as shown in Table 2 , the relative β-expectation tolerance intervals are within a range of [−4.8%, 4.0%] except level 1 which is between −9.6% and 10.1%. Hence, as the lower and upper tolerance bounds are included within the acceptance limits for the targeted concentration level of 5000 µg mL −1 , one can guarantee that at least 95% of future experimental results will fall within the acceptance limits [25] .
We estimated also the limit of detection (LOD) that is the smallest quantity of the targeted substance that can be detected, but not accurately quantified in the sample. The computed value was 124.1 µg mL −1 .
The lower limit of quantitation (LLOQ) which is the smallest quantity of the targeted substance in the sample that can be assayed under experimental conditions with well-defined accuracy was calculated and its value is 3820 µg mL −1 vs.
the upper limit of quantitation (ULOQ) which is the highest quantity of the targeted substance in the sample that can be assayed under the experimental conditions with well-defined accuracy was calculated at 6962 µg mL −1 . In fact, those limits of quantitation were obtained by calculating the smallest and highest concentrations beyond which the accuracy limits or β-expectation limits go outside the acceptance limits. Hence, the intervals between the lower and the upper limits where the procedure achieves adequate accuracy allowed us to set the "Dosing range", again equivalent to [3820 µg mL −1 to 6962 µg mL −1 ].
Finally, the uncertainty which is a parameter associated with the result of a measurement that characterizes the dispersion of the values that could reasonably be attributed to the measurand was calculated, and its relative expanded value (%) was found less than 3.1% on the four concentration levels except level 1.
Application of the Methods
The validated method for analysis of artesunate powder for injection was applied in the analysis of 3 different batches found in public hospitals in Rwanda during our sampling, whose results are presented in Table 3 . 
Conclusions
Simple isocratic methods were developed thanks to methods adaptation or adjustments approach, and sequential systematic tests without passing through long and expensive DoE. The isocratic methods were privileged for their simplicity, short analysis time and high sample throughput, low mobile phase consumption, and adaptability to LC systems equipped with simple or gradient pumps. In this regard, we developed a generic method for the analysis of: (i) artesunate, arteether and artemether in injectable forms; (ii) artemether and lumefantrine in tablets; and (iii) quinine-resorcin with major cinchona alkaloids (cinchonine, cinchonidine, quinidine, and dihydroquinine).
The analytical method for artesunate powder for injection derived from the generic method for artesunate, arteether and artemether was fully validated thanks to the strategy of total error and accuracy profile approach in accordance with the criteria of ICH Q2 (R1) guidelines; and finally, the methods were applied in the analysis of real samples of artemether/lumefantrine medicines, artesunate powder for injection, and counterfeit quinine tablets.
